Atomic force microscopy provides real-time perspective on membrane pore formation It has been successfully applied to cholesterol-dependent cytolysins (CDCs) CDCs are seen to transform from mobile prepore assemblies into transmembrane pores Ring-and arc-shaped CDC assemblies form pores in target membranes Pore forming proteins are widely used weapons of attack and defence in all domains of life. In the course of their action, they are released as monomers, bind to the target membrane, and assemble into oligomeric transmembrane pores. Our understanding of these processes has been enhanced by atomic force microscopy studies of membrane pore formation, complementing studies by other methods and by electron microscopy in particular. Here we illustrate this with recent advances in imaging pore formation by bacterial cholesterol dependent cytolysins and in elucidating their pathways of assembly on and into the membrane.
Introduction
Lipid membranes protect living cells from their surrounding environment, and inside eukaryotic cells allow for extensive compartmentalization. Damage to the cytoplasmic membrane disrupts the chemical balance of a cell, potentially leading to cell death. Many gram-positive bacteria -and at least two gram-negative bacteria [1] -exploit this to attack cell membranes with cholesterol dependent cytolysins (CDCs). These play a role in the pathogenesis of various diseases such as tissue necrosis, bacterial pneumonia, meningitis, and listeriosis [2] [3] [4] [5] [6] .
CDCs are secreted by the bacteria as water-soluble monomers, which upon binding to the target membrane oligomerize to form transmembrane pores of 20-40 nm in diameter [7] [8] [9] . The resulting membrane disruption can be exploited by bacteria to enter host cells [10] , or to enable the translocation of effectors into the target cells [11] .
The structure of the water-soluble monomeric form has been solved for several CDCs by X-ray crystallography ( Figure 1A , [12] [13] [14] [15] [16] [17] [18] [19] ). It appears to be well conserved through the CDC family, consists of at least 30 protein members [20] , and shares the pore-forming topology with the large membrane attack complex/perforin superfamily [6] . CDC monomers comprise four domains, which are responsible for membrane binding, oligomerization, and membrane insertion. They typically bind to membranes with high (≥ 25%) cholesterol content [21] . This binding occurs via several hydrophobic loops in domain 4 [22] , after which the monomers assemble into oligomeric prepore intermediates [2, 23] . Subsequently, the monomers undergo a dramatic structural change from the prepore into the pore state. A central beta sheet domain opens up and releases helices initially forming the transmembrane hairpin domains TMH1 and TMH2, in domain 3. The helices unfurl and form two transmembrane beta hairpins [7, 8, 24, 25] . In this process, domain 2 collapses to bring the beta strands closer to the membrane, and a large, amphipathic beta barrel is inserted into the membrane [22, 24, 26] . This reduces the protein height above the membrane by 4 nm [24, 26, 27] . The pore transition is also accompanied by rotations of domains 1, 2, and 4 [24, 28] .
Various techniques have been used to study the pathways and mechanisms of pore formation by CDCs. Negative-stain electron microscopy (EM) showed the shape and size of membrane-inserted pores [9, 24, 29, 30] . Cryo-EM revealed the structures of the prepore and pore oligomeric forms, and highlighted conformational changes during prepore-to-pore transition ( Figure 1B , [24, 26] ). Various other techniques have helped to define the mechanism of pore formation by CDCs, including fluorescence spectroscopy [2, 31] , fluorescence microscopy [32] , site-specific mutagenesis [31] , conductance measurements on black lipid membranes [33] and on live cells [34] , and quartz-crystal microbalance measurements [35] .
Following pioneering work on the perfringolysin O [27] , the past two years have seen a significant increase in the application of atomic force microscopy (AFM) to CDCs [24, [35] [36] [37] [38] . In particular when combined with detailed structural snapshots recorded by EM, AFM is a powerful tool to study the structural transitions and kinetic processes of membrane pore formation. To illustrate this, we review AFM studies of CDC pore formation and highlight how they complement results obtained by EM.
AFM methods for the study of membrane pores
Compared to other methods, a particular advantage of AFM is its ability to image label-free molecules at nanometre resolution in aqueous environment [39] , allowing it to image functional biomolecules at work. AFM has been extensively used to visualise transmembrane pores, including aquaporins, gap junctions, a wide variety of ion channels, and ATP synthase [40] [41] [42] , and at a larger scale the nuclear pore complex spanning the nuclear envelope of eukaryotic cells [43] . AFM has also been applied to a wide range of pore-forming toxins, as reviewed elsewhere [44] .
An AFM probe comprises a sharp tip at the end of to a flexible cantilever, manufactured from siliconbased materials. In a typical AFM experiment, the tip is guided over the surface of a sample, using the deflection of the cantilever as a measure of tip-sample interactions, while tracing the surface contours. From the measured tip trace, the sample topography emerges line by line in the scanning process. This traditionally requires several minutes for the completion of an AFM image, but over the past decade the time per image -while still strongly dependent on the sample and on the required spatial resolution -has been improved to the range of seconds and below [45] . This has facilitated, for example, the study of lipid membrane domain reorganization by the pore-forming toxin lysenin [46] . Recent technological advances have also made it possible to combine high-resolution imaging with quantitative mechanical mapping [47] . Specifically, mechanical properties can be extracted from the variation of the force as a function of tip-sample distance, i.e., from so-called force-distance curves.
Most AFM and EM studies of CDCs have been carried out on model membranes. EM studies have made use of vitrified lipid vesicles for 3D structure determination [24, 26] , and of lipid monolayer preparations on EM grids for axial views of membrane inserted proteins [9] . Common AFM substrates such as mica facilitate the use of supported lipid bilayers [48] , with two well-established methods of preparation. The Langmuir-Blodgett/Langmuir-Schaefer preparation consists of two consecutive depositions of a lipid monolayer in a Langmuir trough [27, 49, 50] . The two leaflets of the lipid bilayers can thus be of different compositions. In small Teflon wells, the resulting membrane is exposed to the protein, which binds to the membrane. The alternative and more straightforward preparation relies on lipid vesicle fusion on the AFM substrate. Under the right conditions, the lipid vesicles adsorb, spread out and fuse on the substrate, forming surface-covering supported lipid bilayer [48, 51, 52] , which can be exposed to pore-forming proteins.
In some cases, membrane pores have been probed or imaged on live cells [53] . Most such data have been collected on the relatively rigid peptidoglycan-rich membranes of prokaryotic cells, imaging, e.g., the porating effect of antimicrobial peptides [54, 55] . On eukaryotic cells, it remains a challenge to image the very soft and often adhesive cytoplasmic membrane with molecular precision [56, 57] .
Visualization of membrane pore formation Differently sized CDC assemblies perforating the membrane
To illustrate the appearance of a transmembrane pore in AFM, Figure 1C shows AFM data of a single CDC pore, compared to the structural model derived from the cryo-EM density map ( Figure 1B) . The pore height (7 nm above the membrane) agrees well between the AFM surface topography and the cryo-EM structure. Features in the AFM topography appear widened compared to the structural model, because of the convolution with the finite-size AFM tip [58] . Nevertheless, sharp AFM tips can probe the pore lumen to well below the level of the surrounding membrane, thus detecting the local removal of the membrane. This can be emphasized by an appropriate choice of the false colour scale used to represent the AFM topography (Fig. 1C) , and quantified via line profiles across the pore as in Figure 1D .
Using rather different sample preparations, both EM and AFM show heterogeneous distributions of CDC assemblies [9, 26, 29, 30, 59] , where the majority of the assemblies can be incomplete, i.e., arcinstead of ring-shaped. This is illustrated in Figure 2A ,B for the CDCs suilysin and listeriolysin O [24, 37] . It has long been an issue of contention whether these incomplete assemblies are functional in forming transmembrane pores [2, 30] . Figure 2A ,B and other AFM images [24, 36, 37] clearly demonstrate that the membrane has been removed from the lumen of arc-shaped assemblies, as well as from complete ring assemblies. In agreement with earlier evidence based on electrophysiology [33] and EM analysis [30, 60] , these observations imply that transmembrane pores are lined by an incomplete β-barrel (see transmembrane β-barrel in the structure in Figure 1B ,C) and an unsealed lipid edge. Similar observations have been made for perforin, of the related MACPF family [61] , and for Bax perforating the mitochondrial outer membrane [62] .
The heterogeneity in CDC assembly size can be used to gain insight into the assembly mechanism. Distributions of oligomeric populations have been obtained from AFM and negative-stain EM images on suilysin, and found to be reproducible between the two methods ( Figure 2C,D) with their respective sample preparations. These distributions can be interpreted by means of a simple model that assumes irreversible CDC binding to the membrane followed by irreversible assembly on the membrane by association of CDC monomers (or short oligomers) to grow larger assemblies [24] . In line with earlier suggestions [59] , depletion of monomers on the membrane arrests the assembly process: Depending on the relative rates for membrane binding and monomer association, this can result in oligomeric populations similar to the ones observed experimentally ( Figure 2C ,D, grey, dashed lines). Hence the experimental data are consistent with a kinetically trapped assembly process via association of CDC monomers (or up to tetra-or pentamers, [24] ) to growing assemblies. Arc-shaped pore assemblies can also be found to merge or interlock (see Figure 2A ,B(iii)) and thus form membrane perforations of varying shape and size [24, 36, 37] .
CDC prepores and their transition to pores
AFM greatly complements the more detailed static structural information from cryo-EM by continuously imaging the same area on the membrane while recording changes as a function of time or triggered by external factors [24, 27, 38] . The early stages of CDC assembly have thus far eluded direct visualization, but the prepore-to-pore transition has been imaged by AFM for perfringolysin O (Figure 3 , [27] ) and suilysin ( Figure 4, [24] ). These experiments made use of genetically engineered constructs forming a disulphide bond to trap the CDCs in the (otherwise transient) prepore state [23] . Following exposure to a reducing agent such as DL-dithiothreitol (DTT), these constructs insert into the membrane and form pores as the wild-type protein, allowing real time observation of the prepore-to-pore transition.
CDC prepores are loosely attached to the membrane via several hydrophobic loops of domain 4 [22] , and can diffuse freely on the membrane. This has been confirmed by real-time AFM imaging at 15 seconds per frame with the temperature reduced to 15 o C, in which case the mobile assemblies were sufficiently slowed down to become visible by AFM (Video 1). If the protein concentration is significantly increased, the prepores become more densely packed on the membrane. This dense packing reduces the mobility of the prepores and allows them to be resolved by AFM as static assemblies that protrude ≈11 nm above the membrane ( Figure 3A -C, [24, 27] ).
Following exposure to DTT, the CDC prepore assemblies collapse to a height of ≈7 nm above the membrane ( Figure 3A -C, [27] ), consistent with cryo-EM observations on wild-type pneumolysin at lower temperature [26] and on disulphide locked suilysin [24] . This reduction in height is indicative of the collapse of the hinge domain (green in Figure 1A ) that coincides with the unfurling of the transmembrane hairpin domains (yellow in Figure 1A ) to form the transmembrane β-barrel (yellow in Figure 1B ).
These earlier data on densely packed, static assemblies [27] have more recently been complemented by sequences of AFM images that show mobile CDC prepores transiting into the pore state [24] . Visualized at lower time resolution than the data in Video 1 and at room temperature, added (disulphide-locked) protein initially appeared as diffuse streaks on the membrane (Video 2), as the protein here moves too fast to be resolved by the AFM scanning process. Nevertheless, such image sequences allow tracking of CDC pore formation step by step. Figure 3A -C, [27] ). The vertical collapse is followed by the emergence of high features on the membrane (15 min), interpreted as lipid being ejected from the membrane, and the final membrane perforation (20 min).
To gain further insight into the nature of the prepore-to-pore transition, such data can be complemented by AFM experiments in which membrane pore formation is deliberately hampered or induced. For example, pore formation by wild-type suilysin was impeded by co-incubation with the disulphide-locked variant in a dose-dependent manner [24] , whereas full functionality and pore formation were restored upon subsequent reduction of the disulphide bond. This implies that wildtype and disulphide-locked protein bind and co-assemble on the membrane, and that the presence of the locked subunits in the assembly prevents membrane pore formation. Hence membrane insertion depends on coordinated conformational changes by all (or most) subunits in an assembly. On the other hand, a controlled vertical pressure by the AFM can be applied to induce the vertical collapse of the hinge domain in prepore-locked perfringolysin O assemblies [38] , and to subsequently relate this to the mechanical energy that is released on the vertical collapse of the prepore.
Conclusions and outlook
AFM has provided a new perspective on CDC pore formation by imaging the functionality of both complete and incomplete CDC assemblies in perforating lipid membranes, thus confirming the old but disputed proposition of arc-shaped pores. Its main attractiveness, however, resides in its potential to visualise the process of membrane pore formation in real time, to study and dissect pathways of pore assembly. This potential is only starting to be exploited [24, 27, 37] , with continuously improving AFM technology and improving control, e.g., via mutagenesis or temperature, of the kinetics of pore formation. AFM can thus identify intermediate states of membrane pore formation, which can then be examined by cryo-EM for structure determination. In terms of resolution, AFM resides between EM (static views, high spatial resolution) and singlemolecule fluorescence microscopy (high temporal, low spatial resolution). Ultimately, in-depth understanding of membrane pore formation is therefore most likely to arise from a combination of these complementary methods. Such a combination is also particularly attractive because it facilitates the study of model systems (e.g., reconstituted lipid membranes) as well as of whole organelles or cells [62] . , with streaky features characteristic of mobile assemblies (0 min). Subsequent images show a cluster of assemblies that become immobilized (4 min) and collapse into the membrane (8 min). As here illustrated for another assembly in the same experiment, this is followed by the appearance of high features (15 min) -interpreted as lipids being ejected from the membrane -and membrane perforation (20 min) as detectable in the pore lumen. Bottom row: Corresponding line profiles (see arrows in top row images) compared to the heights of the prepore and pore structures above the membrane. The prepore-to-pore transition is triggered at 2 min (see text), and the red asterisk refers to the hole in the membrane. Adapted from [24] . 
